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Abstract 
Advances in nanomaterials, combined with electrochemical impedance spectroscopy (EIS), have allowed 
electrochemical biosensors to have high sensitivity while remaining label-free, enabling the potential for 
portable diagnosis at the point-of-care. We report porous, 3D vertically aligned carbon nanotube (VACNT) 
electrodes with underlying chromium electrical leads for impedance-based biosensing. The electrodes 
are characterized by electrode height (5, 25, and 80 μm), gap width (15 and 25 μm), and geometry 
(interdigitated and serpentine) using scanning electron microscopy, cyclic voltammetry, and 
electrochemical impedance spectroscopy (EIS). The protein streptavidin is functionalized onto VACNT 
electrodes for detection of biotin, as confirmed by fluorescence microscopy. EIS is used to measure the 
change in impedance across electrodes for different biotin concentrations. The impedance data shows 
two distinct semi-circular regions which are modeled by an equivalent electrical circuit. VACNT electrode 
height, gap width, and geometrical pattern each have an impact on sensor sensitivity, with tall, closely-
spaced VACNT interdigitated electrodes (IDEs) having the highest sensitivity. With an electroactive 
surface area that is 15x the 2D geometric area, 80 μm tall VACNT IDEs with a gap width of 15 μm are 4.3x 
more sensitive than short (5 μm) IDEs and 1.6x more sensitive than serpentine electrodes (SEs). The 
biosensors obtain a limit of detection of 1 ng/mL biotin with two linear sensing regions (0.001 – 1 μg/mL 
and 1 – 100 μg/mL). Although this biosensing platform is shown with streptavidin and biotin, it could be 
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Abstract
Advances in nanomaterials, combined with electrochemical impedance spectroscopy (EIS), 
have allowed electrochemical biosensors to have high sensitivity while remaining label-free, 
enabling the potential for portable diagnosis at the point-of-care. We report porous, 3D vertically 
aligned carbon nanotube (VACNT) electrodes with underlying chromium electrical leads for 
impedance-based biosensing. The electrodes are characterized by electrode height (5, 25, and 80 
µm), gap width (15 and 25 µm), and geometry (interdigitated and serpentine) using scanning 
electron microscopy, cyclic voltammetry, and electrochemical impedance spectroscopy (EIS). The 
protein streptavidin is functionalized onto VACNT electrodes for detection of biotin, as confirmed 
by fluorescence microscopy. EIS is used to measure the change in impedance across electrodes for 
different biotin concentrations. The impedance data shows two distinct semi-circular regions 
which are modeled by an equivalent electrical circuit. VACNT electrode height, gap width, and 
geometrical pattern each have an impact on sensor sensitivity, with tall, closely-spaced VACNT 
interdigitated electrodes (IDEs) having the highest sensitivity. With an electroactive surface area 
that is 15x the 2D geometric area, 80 µm tall VACNT IDEs with a gap width of 15 µm are 4.3x 
more sensitive than short (5 µm) IDEs and 1.6x more sensitive than serpentine electrodes (SEs). 
The biosensors obtain a limit of detection of 1 ng/mL biotin with two linear sensing regions (0.001 
– 1 µg/mL and 1 – 100 µg/mL). Although this biosensing platform is shown with streptavidin and 
biotin, it could be extended to other proteins, antibodies, viruses, and bacteria.
Keywords: electrochemical sensor, interdigitated electrodes, carbon nanotubes, biosensor, 
streptavidin-biotin
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Carbon nanomaterials such as carbon nanotubes (CNTs), graphene, and graphene oxide have 
been shown to effectively increase the sensitivity of electrochemical sensors.1-2 Specifically, micro 
and nanostructured surfaces greatly increase electrode surface area and may outperform smooth, 
planar geometries.3 The high electrical conductivity and high surface area of CNTs make them 
attractive as an electrode nanomaterial.4 Both single-walled and multi-walled CNTs are often 
incorporated into sensors by casting randomly dispersed CNTs on an electrode surface.5-7  
Although dispersed CNTs allow for unique sensors such as paper-based CNT sensors or inkjet-
printed CNT sensors,8-10 nanostructures grown from an electrode surface have been shown to have 
greater stability and allow for greater exposed surface area than randomly dispersed 
nanomaterials.11 Particularly, vertically aligned carbon nanotubes (VACNTs) provide an ordered, 
preferential orientation of CNTs that are grown from the substrate. Very high aspect ratio 
geometries are possible through patterning of the VACNT forest, offering the potential for three 
dimensional (3D), porous electrodes that may be exploited for concentration measurement of 
proteins, antibodies, or other molecules. The high surface-area-to-volume ratio that comes from 
the 3D, porous VACNT electrodes enables higher protein capture capacity relative to planar 
electrodes, leading to the potential for improved sensitivity.12-13 High sensor sensitivity is 
important for enabling detection of low concentrations of target analyte, opening the door for new 
sensing applications, such as early diagnostics.
Advances in electrochemical biosensors have pushed toward the ability to obtain effective, 
rapid results. While biosensors can use a variety of detection methods such as optical, electrical or 
piezoelectric, electrochemical sensors offer the advantage of being repeatable, affordable, and 
easy-to-use.14 In particular, electrochemical sensors comprised of interdigitated electrodes (IDE) 
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exhibit low ohmic drops, high signal-to-noise ratios, and fast response times.15 IDE biosensors are 
often impedimetric, using electrochemical impedance spectroscopy (EIS) to measure small 
changes in impedance at an electrode surface and offer the potential for label-free and real-time 
detection of various analytes.16-17 These advantages of electrochemical IDE biosensors enable 
portable diagnosis at the point-of-care by eliminating the need for laboratory expertise and the time 
associated with conventional immunoassay-based testing.18-19
While IDE geometries are typically used, a serpentine electrode (SE) design has been shown 
to increase sensitivity of a capacitive humidity sensor when compared to an IDE of the same 
material and dimensions.20 A serpentine design has been used in other applications, such as in the 
design of a flow field for redox flow batteries to enhance performance through geometry.21 
Impedance-based serpentine sensors for the detection of biorecognition agents do not appear in 
literature and it would be advantageous to determine if the serpentine geometry can improve 
sensitivity similar to the capacitive humidity sensor. Hence both the IDE and serpentine geometry 
would be of interest to explore in terms of electrochemical sensing performance.
In addition to electrode geometry, electrode surface area also plays an important role in 
electrochemical sensing. Typical planar electrodes have a thickness that is on the order of 10s to 
100s of nanometers. While an electrode height (thickness) of a few micrometers may be considered 
3D, patterned VACNTs offer the potential to increase the electrode thicknesses to greater than 
100s of micrometers. VACNTs have previously been used as IDEs for capacitors with VACNT 
heights ranging from 34 – 70 µm with a 20 – 35 µm gap between electrodes.22-24 Although such 
tall heights are not typically reported for electrochemical biosensors, our previous work with an 
oral cancer biomarker had a VACNT electrode height of about 75 µm and gap of 25 µm.13 Smaller 
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gap width between tall VACNT electrodes may likely improve sensitivity, a relationship that has 
previously been shown with planar electrodes.25
Previous IDE sensors were made entirely of VACNTs, including the interdigitated fingers and 
the electrical leads.13 A redox sensor for dopamine was constructed with a VACNT electrode 
height of 0.66 µm and 3 µm gap, where the fingers of VACNT IDEs were grown directly on 
metallic electrical leads.26 Others have shown that an electrical connection can be made from 
VACNTs through an insulating aluminum oxide layer to an underlying metallic electrical lead.27 
This approach using a thin metallic electrical lead offers a way to separate the leads from the 
sensing region and enables access to the sensor when used within a microfluidic cavity. The ability 
to use a sensor in a microfluidic channel is an additional feature that promotes point-of-care 
diagnosis, as microfluidics-based detection offers simple, fast and convenient platform relative to 
traditional macroscopic platforms.28
This work characterizes porous, 3D VACNT electrodes for impedance-based biosensing. 
These unique structures provide very high surface area electrodes for which the nanomaterial 
height is significantly taller than traditional planar electrodes. An application of these VACNT 
electrodes has been successfully shown for the detection of oral cancer biomarkers for a single 
electrode geometry (75 µm tall IDE with 25 µm gap width).13 This work performs a parameter 
study to determine the impact of VACNT height, gap width, and electrode geometry pattern (IDE 
vs SE) on the sensitivity of VACNT biosensors. The topic of electrode height is emphasized 
because the trend of gap width has previously been explored for planar electrodes.25 The previous 
oral cancer sensor was made of all VACNT, but here an underlying chromium layer is used for 
electrical leads to improve stability, reduce internal resistance, and provide a potential path for 
integration with a microfluidic channel. Patterned VACNT forests were grown to heights of 5, 25, 
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and 80 µm on underlying chromium electrical leads and then coated with amorphous carbon to 
provide additional rigidity while still maintaining porosity. To compare the performance of the 
distinctly constructed VACNTs within an electrochemical biosensing paradigm, the common 
protein-ligand system (streptavidin-biotin) was employed. The protein streptavidin was 
functionalized onto VACNT electrodes for detection of biotin, where biotin binds to streptavidin 
in one of the strongest known non-covalent bonds between a protein and a ligand.29 Fluorescence 
microscopy aided in confirming streptavidin and biotin binding on VACNTs. Electrical impedance 
spectroscopy (EIS) was used to measure the change in impedance across electrodes for different 
biotin concentrations. The change in impedance with the addition of streptavidin and biotin was 
modeled by an equivalent electrical circuit and the change in imaginary impedance at a single 
frequency was monitored for different biotin concentrations. VACNT height and electrode 
geometry are shown to influence biosensor sensitivity, with tall, closely-spaced IDEs having the 
highest sensitivity. Comparison between 3D IDE and SE configurations are also provided. 
Although this biosensing platform is shown with streptavidin and biotin, it could be extended to 
other proteins, antibodies, viruses, and bacteria by functionalizing with another biorecognition 
agent with a selective binding mechanism.
2. Experimental Section
2.1. Electrode Fabrication
Photolithography was used to pattern positive photoresist (AZ3330) on a 100 mm diameter, 
oxidized silicon (Si) wafer (1 µm thick oxide). Patterned photoresist was used to create the 
electrode designs and the Cr electrical leads for each electrode (13 mm x 0.5 mm). A 75 nm layer 
of Cr was deposited onto the patterned photoresist by e-beam evaporation. A lift-off process was 
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performed by sonication in N-methyl-2-pyrrolidone (NMP) for 30 min, leaving only patterned Cr 
on the oxidized wafer. In this manner, Cr was deposited below all 3D electrode regions and as 
electrical leads to the sensor electrodes. After covering the contact pads to the electrical leads with 
permanent marker, 150 nm of aluminum oxide (Al2O3) was deposited by e-beam evaporation. 
NMP sonication was performed for 5 min to expose the contact pads by removing the marker ink 
and Al2O3 for electrical connects. A second photolithography process was used to cover the wafer 
in photoresist except in regions where sensor fingers are to be constructed. A 7 nm film of iron 
(Fe) was thermally evaporated onto the patterned photoresist, followed by sonication in NMP for 
15 minutes leaving patterned Fe on a portion of the Al2O3/Cr layer. In this manner, the catalyst for 
CNT growth was patterned so that growth would only occur in the 3D electrode regions. The 
patterned wafer was diced into 16.1 mm x 8 mm rectangles using a dicing saw with a diamond-
coated blade. 
VACNT growth methods were similar to previously published protocols.30-31 VACNTs were 
grown by chemical vapor deposition (CVD) in a 1-inch diameter Lindberg/Blue M tube furnace 
with flowing hydrogen (H2, 311 sccm) and ethylene (C2H4, 338 sccm) at 750 °C for 5, 30, or 120 
s. The temperature was then raised to 900 °C and the C2H4 flow rate reduced to 193 sccm to 
infiltrate (coat) the VACNTs with amorphous carbon for 60 s. The electrodes were oxygen plasma 
etched (250 W, 300 mTorr, 30 – 60 s) until the two electrodes were electrically isolated using a 
Technics Planar Etch II machine.
2.2. Electrochemical Measurements
All electrochemical experiments were performed with a CH Instruments (CHI) 660E 
Potentiostat/Galvanostat in a two-electrode configuration where one VACNT electrode was the 
working electrode and the other VACNT electrode was the counter/reference electrode. The Cr 
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contact pads were contacted by micro-manipulation probes. The electrolyte was a static 50 µL 
droplet of 5 mM potassium ferricyanide (K3[Fe(CN)6]), 5 mM potassium ferrocyanide 
(K4[Fe(CN)6]), and 100 mM KCl in phosphate buffered saline (PBS, 1X, pH 7.4, Fisher Scientific). 
Cyclic voltammetry (CV) was performed between -600 mV and 600 mV relative to the VACNT 
electrode at scan rates of 150 mV/s to 1250 mV/s. Ohmic drop correction was used to account for 
the resistance within the Cr electrical leads (about 300 Ω). The frequencies for electrochemical 
impedance spectroscopy (EIS) ranged from 10,000 Hz to 0.1 Hz, with an input amplitude of 10 
mV.
2.3. Streptavidin Functionalization
The carbon-infiltrated VACNT electrodes with exposed carboxyl groups (COOH, see Scheme 
1A) were incubated in a 50 µL droplet of 100 mM EDC and 100 mM NHS in 0.1 M 2-(N-
morpholino) ethanesulfonic acid (MES, pH 4.7, Thermo Scientific 28390) for 60 min. The 
VACNT electrodes were then rinsed and soaked in PBS for 20 min. A 20 µL droplet of 500 µg/mL, 
fluorescently tagged Atto 425 streptavidin (F-SA, Sigma Aldrich 09260) in PBS was placed on 
the EDC/NHS-activated VACNTs for 60 min to bind the SA protein to the VACNTs (see Scheme 
1B). Electrodes were then rinsed and allowed to soak in PBS for 40 min. While the stock F-SA 
solution was stored at 4 °C, all functionalization steps and soakings were performed at room 
temperature.
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Scheme 1. Schematic of binding used to characterize the VACNT sensors. (A) Carboxyl groups (COOH) from 
carbon-infiltrated VACNTs. (B) F-SA (streptavidin) covalently bound to VACNTs using EDC/NHS chemistry. (C) 
F-biotin bound to streptavidin.
2.4. Biotin Sensing
A 20 µL droplet of 1 ng/mL fluorescently tagged Atto 565 biotin (F-biotin, Sigma-Aldrich 
92637) in PBS was placed on F-SA/VACNT sensors for 20 min. Up to 4 F-biotin can bind to a 
single F-SA protein, as shown schematically in Scheme 1C. The sensor was then rinsed and 
allowed to soak in 50 µL of PBS for 1 minute, after which electrochemical measurements were 
taken. The concentration of F-biotin was incrementally increased for each measurement following 
the same procedure above for each concentration (0.01, 0.1, 1, 10, and 100 µg/mL).
2.5. Fluorescence
Fluorescence measurements were performed with an Olympus FluoView FV1000 confocal 
laser scanning microscope. Wavelengths of 405 and 543 nm were used to excite the F-SA and F-
biotin, respectively. The two fluorescent markers have very little overlap in absorption and 
emission so that the intensity of each is nearly independent of the other. Specific microscope 
settings included: 20x magnification, 12% laser power, and 200 µm aperture size.
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3. Results and Discussion
3.1. Electrode Design
The IDE design is illustrated in Figure 1A and the SE design is shown in Figure 1B. Dark red 
and blue areas (central region) represent patterned forests of VACNTs acting as the electrodes; 
light red and blue areas (left and right edges) represent thin chromium (Cr) electrical leads 
underneath an aluminum oxide (Al2O3) layer. This approach with buried Cr electrical leads differs 
from our previously reported sensors13 with electrical leads comprised of VACNTs and allows for 
integration into a microfluidic channel (see section 3.5 and Supporting Information). Figure 1C 
illustrates the three-dimensional nature of VACNT IDE electrodes. 
The electrode length (L) was 2.95 mm for all sensors tested in this work. Two different 
electrode widths (we, 20 and 25 µm), and two different gap widths (wg, 15 and 25 µm), were used 
for IDE and SE sensor designs. VACNT height (h) was varied for the IDE electrode arrangement 
(5, 25, and 80 µm), resulting in six different geometries summarized in Table 1.
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Figure 1. Schematic of the (A) IDE and (B) SE electrode arrangements with electrode length (L), electrode width 
(we), and gap width (wg) represented. Red and blue distinguish the different electrodes in the sensor, with the dark 
colors representing regions of VACNTs and light colors representing Cr leads under Al2O3. (C) Schematic 
emphasizing 3D nature of VACNT IDE electrodes with electrode height (h) represented. Images are not to scale and 
do not show all fingers. 
Table 1. Summary of dimensions for sensor geometries.





25 25 80SE 20 15 80
Each IDE sensor had 61 total fingers (30 and 31 per side) and each SE sensor occupied an 
equivalent area with two winding fingers (1 per side) and 20 shortened fingers (10 per side). For 
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wg = 25 µm, the sensing region was nearly square at 3.025 mm x 3 mm, with a total electrode area 
of 4.5 mm2. For wg = 15 µm, the sensing region was smaller at 2.115 mm x 3 mm, with a total 
electrode area of 3.6 mm2. The two Cr electrical leads for each sensor are 13 mm x 0.5 mm.
3.2. VACNT Characterization
Figure 2A shows the processing layers for biosensor fabrication, where an oxidized silicon 
(Si) wafer had patterned Cr and patterned iron (Fe) separated by the insulating Al2O3 layer. Planar 
Cr electrical leads underneath Al2O3 can be seen in Figure 2B as the lighter region on the substrate. 
VACNTs were grown by chemical vapor deposition (CVD) similar to previously published 
protocols.30-31 After VACNT growth, amorphous carbon was added to strengthen the VACNTs 
and create mechanically sturdy, porous microstructures (see Figure 2B and C). It should be noted 
that while VACNTs are generally vertically aligned, they are not perfectly straight and often 
exhibit some waviness (see Figure 2C) that is possibly due to edge effects caused by the iron 
catalyst and general strain on the VACNTs during growth and carbon infiltration.32-33 Additional 
scanning electron microscope (SEM) images showing magnified views of the VACNTs are found 
Figure S1 (Supporting Information).
Carbon-coated VACNTs are slightly hydrophobic after they are grown. An oxygen plasma 
etch was used to remove the amorphous carbon in between electrodes and also served to change 
the VACNTs from hydrophobic to hydrophilic.31 This hydrophilicity is important to ensure that 
the solution is wetting the entire electrode and to promote close contact between the molecules in 
solution and the electrode surface.
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Figure 2. (A) Schematic of layers used to fabricate the VACNT sensor architecture: Si, SiO2, Cr, Al2O3, Fe, and 
VACNTs. Scanning electron microscope (SEM) images of (B) 3D VACNT electrodes and (C) magnified VACNTs, 
showing porous nature of electrode.
VACNT electrode heights were measured using optical profilometry. CVD growth times of 
5, 30, and 120 s corresponded with approximately 5, 20, and 80 µm electrode heights, respectively. 
The resulting aspect ratios (h/wg) of the VACNT electrodes ranged from 0.2 to 5.3. The aspect 
ratio was limited by the height to which VACNT forests could grow without tipping over, causing 
an electrical short between the electrodes. This limiting height was a function of the electrode 
width (we) and likely also influenced by the gap width (wg); an 80 µm height approached the upper 
limit for the smaller electrode design (we = 20 µm, wg = 15 µm). Taller electrodes could be made 
by increasing we, but sensitivity may also be affected because of the increase of underutilized 
surface area within the electrode.
3.3. Cyclic Voltammetry (CV)
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By sweeping the applied potential, CV can give important information about the geometry 
and electroactivity of an electrode. Figure 3A shows cyclic voltammograms of VACNT electrodes 
of varying heights (5, 20, and 80 µm) with wg = 25 µm at a constant scan rate of 1000 mV/s in a 
static 50 µL droplet of ferricyanide solution. The overall shape of the curves is typical for the 
single electron electrochemical reaction involving ferricyanide, having anodic and cathodic peaks 
in current. The peaks are caused by a balance between reaction kinetics and diffusion from the 
solution and are symmetric about 0 V because the reference is to a VACNT electrode and not a 
dedicated reference electrode such as Ag/AgCl.
Figure 3A shows that VACNT height causes a significant difference in the peak current, with 
the 80 µm peak current being about 7.2x greater than the 5 µm. The double layer capacitance also 
increases with increasing VACNT height, which is manifest by the increase in separation of the 
curves in the range of ± 0.2 to 0.6 V in Figure 3A. The electroactive surface area of an electrode 
is linearly proportional to the peak current (ip) as given by the Randles-Sevcik equation at 25 °C:
(1)𝑖𝑝 = (2.69x105)𝑛3 2𝐴𝐷1 2𝐶𝜈1 2
where n is the number of electrons transferred (n=1), A is the electroactive area of the electrode 
(units of cm2), D is the diffusion coefficient of ferricyanide (7.2x10-6 cm2/s), C is the ferricyanide 
concentration (5 mM or 5x10-6 mol/cm3), and ν is the scan rate (0.125 to 1.25 V/s). The only 
variable that is not well defined is the electrode surface area. The 2D geometric area of the 
electrode pattern is known to be 0.022 cm2 (30Lwe), but the exact surface area of the electrode is 
not known because of the porous nature of the VACNTs. The calculated electroactive surface areas 
for the 80, 20, and 5 µm tall VACNTs were 0.33, 0.13, and 0.046 cm2, respectively. Thus, the 
electroactive surface area of the 80 µm tall electrode was 15x larger than the 2D geometric area, 
with the actual surface area likely being even higher because of the electrode porosity. 
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Figure 3. Cyclic voltammograms of VACNT electrodes in ferricyanide solution. (A) 80, 20, and 5 µm tall VACNT 
IDEs (wg = 25 µm) at a scan rate of 1000 mV/s. (B) 80 µm tall VACNT IDE (wg = 25 µm) at scan rates of 1000, 
750, 500, and 150 mV/s. (C) Peak current ip with the square root of scan rate for 80, 20, and 5 µm tall VACNTs. (D) 
80 µm tall VACNT IDEs and SEs with wg of 25 and 15 µm at a scan rate of 1000 mV/s.
The peak current increased with scan rate, as can be seen in Figure 3B for 80 µm tall VACNTs 
(wg = 25 µm). It is interesting to note that the shape of the CV curve transitions from prominent 
peaks at high scan rates to a more sigmoidal shape with no peak at the lowest scan rate. This occurs 
because the electrodes are close enough together to cause a diffusion limited scenario at slower 
scan rates, typical of microelectrode arrays. The peak-to-peak potential separation was about 85 
mV, which is close to the ideal Nernstian peak separation of 59 mV. The peak-to-peak separation 
for other CNT-based electrochemical sensors is typically reported at about 80-100 mV.34-35 
According to Equation 1, the peak current should be linearly proportional to the square root of 
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scan rate, which is plotted in Figure 3C for the three different VACNT heights. This linearity, 
combined with the fact that the peak-to-peak potential separation did not increase with increasing 
scan rate (see Figure 3B), confirms that the VACNT electrode and the electrochemical reaction 
experience fast, reversible kinetic behavior.36
Figure 3D shows cyclic voltammograms of various 80 µm tall VACNT electrode designs. The 
blue curve is the same IDE geometry shown in Figure 3A and B, with wg = 25 µm. An IDE with 
wg = 15 µm (red curve) exhibited a larger peak current than the wg = 25 µm IDE (relative to the 
baseline scan current). Thus, the 15 µm IDE had the highest electroactive surface area at 0.36 cm2 
while having a smaller 2D area of 0.018 cm2, resulting in a 20x increase in electroactive surface 
area relative to a planar IDE. The peak currents for the SE curves (gray and purple) in Figure 3D 
are significantly lower than the IDEs. Even though the geometric dimensions and actual surface 
areas are the same for the IDE and SE configurations, the long winding electrodes in the SE 
configuration appears to reduce the effectiveness of the available area, perhaps because of the 
ohmic resistance along the lengthy meandering electrode. This reduced effectiveness of the SE 
surface area is opposite to the finding that SEs improve performance of capacitive sensors,20 
suggesting that SEs may not be as suitable for impedimetric sensors as they were for capacitive 
sensors. Additional CV data that shows the effect of scan rate on each geometry is found in Figure 
S2 (Supporting Information).
3.4. EIS Characterization
The IDE geometry was characterized further by EIS because it had a better electrochemical 
response than the SE geometry according to CV measurements. A fixed wg = 25 µm was selected 
to assess variation in EIS measurements according to IDE height as this geometry gave a higher 
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yield of good VACNT growths compared to wg = 15 µm IDEs. EIS measurements for the SE 
geometry and for wg = 15 µm electrodes are discussed in section 3.7.
Nyquist plots are a convenient way to show the results from EIS, where imaginary impedance 
(-Z”) is plotted with respect to real impedance (Z’) over a range of frequencies. Nyquist plots for 
80, 20, and 5 µm tall IDEs (wg = 25 µm) are shown in Figure 4A, where the impact of VACNT 
height on the baseline EIS measurement is evident by the change in magnitude of the semi-circular 
curves. The impedance was much larger for the 5 µm tall VACNTs than for the 80 µm tall 
VACNTs, an observation that correlates well with the larger current observed from the CV data 
(Figure 3A) as a result of the higher surface area. Figure 4B is a zoomed in view of the bottom left 
of the large semi-circles from Figure 4A to highlight a second, smaller semi-circular curve. These 
smaller semi-circles follow the same trend as the larger semi-circles, where the impedance of the 
5 µm tall VACNTs was larger than the impedance of the 80 µm tall VACNTs. The data markers 
in the Nyquist plots in Figure 4 are the measured experimental EIS results for VACNT IDEs taken 
after EDC/NHS chemical activation but before the addition of streptavidin or biotin.
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Figure 4. Experimental (markers) and simulated (lines) Nyquist plots of VACNT IDEs (wg = 25 µm). (A) 80, 20, 
and 5 µm tall VACNTs with no streptavidin/biotin. (B) Zoomed in view of Figure 4A normalized by Ro, 
highlighting the trends for the first semi-circle. Inset: equivalent circuit used to curve fit experimental data. 
The inset of Figure 4B shows an equivalent electrical circuit that represents the observed 
behavior. Each semi-circular shape in the Nyquist plot is representative of a resistance-capacitor 
time constant; as observed in Figure 4, two time constants are necessary to describe the sensor 
behavior. The equivalent circuit uses constant phase elements (CPEs) in place of capacitors 
because the semi-circles are depressed, which is more apparent when the axes of the Nyquist plot 
have an equivalent scale (see Figure S3 in Supporting Information). The location of resistance R0 
is shown in Figure 4A and represents of the resistance in the Cr electrical leads. As R0 varied 
between samples and between electrical probe positioning for each test, Nyquist plots were biased 
by subtracting out this resistance to so that the results could be presented clearly (see x-axis Figure 
4B). The first time constant (CPE1/R1, small semi-circle) is observed at higher frequencies 
(approximately 70 – 10,000 Hz) and is associated with ferricyanide kinetics at the VACNT 
electrode surface, including charge transfer resistance and double layer capacitance. The second 
time constant (CPE2/R2, large semi-circle) is observed at lower frequencies (approximately 0.1 – 
70 Hz) and is related to the diffusion of ferricyanide to and from the VACNT electrode surface. 
The IDE geometry has finite diffusion between the electrodes, causing the shape of the impedance 
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in a Nyquist plot to bend in an arc instead extend linearly as is the case in semi-infinite diffusion.37 
Although a traditional Warburg element does not apply (semi-infinite only), the diffusion 
component could also be modeled by an open finite-length Warburg element or a finite-length 
CPE element, with CPEs being able to better fit experimental data as shown by Figure S4 in 
Supporting Information.37 A similar equivalent circuit with two CPE/R pairs is also used to model 
lithium-ion batteries, where the first time constant is attributed to an interfacial layer and the 
second time constant is attributed to charge transfer resistance and double layer capacitance 
(Figure S4, Supporting Information).38 Our previous VACNT sensor had a large semi-circle at 
high frequencies because of capacitance along the VACNT electrical leads,13 but that feature was 
not observed when using underlying Cr electrical leads. The equivalent circuit in Figure 4B was 
used to curve fit the experimental EIS data with EIS Spectrum Analyzer software and the simulated 
results are plotted as the solid lines in Figure 4. The values of curve fit equivalent circuit elements 
for VACNT IDE heights of 5, 20, and 80 µm are given in Table S1 (Supporting Information). The 
simulated results matched the experimental results with reasonable accuracy. 
3.5. Functionalization of F-SA and Binding of F-biotin
It has previously been shown by Raman spectroscopy that VACNTs coated with amorphous 
carbon have a high number of surface defects, an attribute favorable for increasing the number of 
sites where proteins can bind and increasing charge transfer during electrochemical 
measurements.13 Due to the addition of amorphous carbon to the VACNTs, defect sites that host 
carboxyl groups are present throughout the VACNT electrode surface. These carboxyl groups were 
activated by EDC/NHS chemistry to allow fluorescently tagged streptavidin (F-SA) to covalently 
bond to the VACNTs (see Scheme 1). Fluorescently tagged biotin (F-biotin) was then bound to 
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the F-SA, as biotin binds to streptavidin in one of the strongest known non-covalent bonds between 
a protein and a ligand.29 
Because the fluorescent dye only has 2% of the mass of the streptavidin, the impedance and 
binding results are expected to be similar to unlabeled streptavidin. On the other hand, the 
molecular weight of the F-biotin is 921.5 g/mol, about 3.8 times larger than unlabeled biotin at 
244.3 g/mol, but still significantly smaller than streptavidin at 53,000 g/mol. F-biotin and F-SA 
have diameters of approximately 1.2 nm and 5 nm, respectfully.39 Thus, F-biotin has a volume that 
is about 58x smaller than F-SA.
Fluorescently tagged molecules were used to enable a qualitative confirmation of the coverage 
of streptavidin and biotin on the VACNTs by fluorescent microscopy. Figure 5A shows the blue 
fluorescence of F-SA on VACNT IDE electrode fingers and Figure 5B shows the red fluorescence 
of F-biotin bound to the F-SA on the same device. The protein-ligand binding appears efficient 
across the entire surface of the VACNTs as displayed in the top down view shown in Figure 5 for 
binding performed by a static droplet on the VACNTs with a concentration of 500 µg/mL F-SA 
and 100 µg/mL F-biotin. It should be noted that there was also some coverage on the substrate, 
but this appears black in the Figure 5 images because it is out of the microscope focal plane. 
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Figure 5. Fluorescent microscopy images confirming good coverage of (A) 500 µg/mL fluorescently tagged 
streptavidin (F-SA, blue) bound to 80 µm tall VACNT IDEs and (B) 100 µg/mL fluorescently tagged biotin (F-
biotin, red) bound to F-SA. Note that F-SA and F-biotin are present in both images (same sensor), but fluoresce at 
different wavelengths.
While the functionalization and binding steps for the sensor were carried out with a static 
droplet on the VACNTs, the sensors are designed with an underlying Cr layer to allow for potential 
future integration in a microfluidic channel to increase mass transfer of the molecules to the 
electrode surface. Our previous flow-through VACNTs electrodes for hydrogen peroxide30 and 
glucose40 detection showed that flowing conditions greatly improved amperometric signals. 
Microfluidic IDE sensors have also been shown to be more sensitive than static IDE sensors.25 The 
exposed Cr leads provide the means for electrical contact within the plane of the sensor substrate 
to allow a 3D printed microfluidic channel to be clamped over the sensor (see also Figure S5, 
Supporting Information). Although fluorescence showed better coverage using the microchannel 
(Figure S6, Supporting Information), initial electrochemical tests with the microfluidic channel 
demonstrated little improvement over static F-SA and F-biotin binding. Thus, static tests were 
chosen for experimental simplicity. However, the proof of concept was successful, such that the 
sensor could be incorporated into a microchannel. There likely exist applications where the 
microfluidic channel would be beneficial. We note that this integration can be achieved without 
loss in signal strength although further investigation is likely needed for optimal microfluidic 
conditions in a given application.
3.6. Biotin Sensing with IDEs
The impedance change associated with F-SA and F-biotin binding to a sample sensor surface 
is shown in Figure 6A and B for an 80 µm tall VACNT IDE (wg = 25 µm). Note that IDEs with 
wg = 25 µm are used for F-biotin sensing in this section and F-biotin sensing of other geometries 
are compared in section 3.7. As shown in Figure 6A, there was a slight change observed in the 
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resistance of the diffusion-driven large semi-circles when adding F-SA and F-biotin to the 
VACNTs (1.8% F-SA, 3.5% F-SA+F-biotin), but there was a much larger change observed in the 
resistance of the kinetics-driven small semi-circles shown in Figure 6B (32% F-SA, 138% F-
SA+F-biotin). Thus, it is advantageous to focus on the changes that occur at the higher frequencies 
associated with the kinetics at the electrode surface.
Two options were considered for monitoring changes in the small semi-circle in response to 
molecules bound to the surface. The first and more direct option is to use impedance data measured 
at a single frequency. Specifically, the imaginary component of impedance Z” exhibited the largest 
relative change when F-biotin was bound to the VACNTs. Figure 6C shows the relative change in 
imaginary impedance at 147 Hz for 80, 20, and 5 µm tall VACNTs for different concentrations of 
F-biotin, where the percent change is measured relative to the imaginary impedance at 147 Hz 
after functionalizing with F-SA. The percent change in imaginary impedance was calculated across 
all measured frequencies and it was determined that 147 Hz gave the highest signal for all heights 
(see also Bode plot in Figure S7 in the Supporting Information). The location of the 147 Hz 
impedance is on the right side of the small semi-circle, as shown by the data markers outlined in 
black in Figure 6B. The second option for monitoring changes is shown in Figure 6D, where the 
relative change in charge transfer resistance R1 from the equivalent circuit model is plotted for 
different F-biotin concentration for 80, 20, and 5 µm tall VACNTs. Because this method uses an 
equivalent circuit resistance, the fitted parameter accounts for all the measured frequencies instead 
of just a single frequency. The single frequency method and the equivalent circuit method with 
curve fit parameters give relative changes that follow a similar trend and are comparable in 
magnitude. The relative change in imaginary impedance at 147 Hz generally gave a higher signal 
than the change in R1 resistance, therefore the results for all subsequent geometries are reported 
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only in terms of relative imaginary impedance change. The data in Figure 6C and D represent the 
average of three sensors, with the error bars indicating the standard deviation.
Figure 6. (A) Experimental (markers) and simulated (lines) Nyquist plots of 80 µm tall VACNT IDEs (wg = 25 µm) 
with subsequent addition of 500 µg/mL F-SA and 1, 10, and 100 µg/mL F-biotin. (B) Zoomed in view of the first 
semi-circle of Figure 7A, with 147 Hz marked with a black outline. Relative change in (C) imaginary impedance at 
147 Hz and (D) R1 resistance from equivalent circuit as function of F-biotin concentration for 80, 20, and 5 µm tall 
VACNT IDEs. The error bars represent the standard deviation for three different sensors.
In Figure 6C and D it can be seen that the changes in impedance were small at lower 
concentrations of F-biotin (1 ng/mL to 1 µg/mL), and then there was a sudden spike in impedance 
at 10 µg/mL F-biotin, potentially leading to two linear sensing regions. While the exact cause of 
this phenomenon is unknown, it is possible that higher concentrations of F-biotin allow the 
molecules to better penetrate the porous VACNT electrode because of a higher concentration 
gradient, thus utilizing more of the surface area in between VACNTs. The 80 µm VACNTs 
Page 22 of 30
ACS Paragon Plus Environment






























































provided an average change in imaginary impedance of 7% from 0.001 – 1 µg/mL F-biotin and an 
average change of 95% from 1 – 100 µg/mL F-biotin. The overall maximum change in imaginary 
impedance was 107% with 100 µg/mL F-biotin (relative to F-SA). The tall VACNT IDEs (80 µm) 
gave 4.3x the signal of the 5 µm VACNT IDEs, likely due to additional surface area and a small 
baseline impedance of the bare VACNTs (see Figure 4B).
3.7. Electrode Geometry Impact on Sensitivity
EIS data shown up to this point has been for IDEs with wg = 25 µm. The SE design shown in 
Figure 1B was explored as a potential alternative design to the more traditional IDE as it has 
previously been shown to exhibit a large signal change associated with capacitance.20 Electrodes 
with wg = 15 µm were also tested, as closely spaced electrodes generally provide better sensitivity.
Figure 7A shows Nyquist plots for 80 µm tall IDEs and SEs with wg of 25 and 15 µm having 
F-SA and F-biotin bound to the VACNTs. The impedance was significantly larger for the SEs, 
with the large semi-circle impedance related to diffusion being about 5x larger than that for the 
IDEs. The resistance for both the IDE and SE with wg = 15 µm was reduced relative to wg = 25 
µm, confirming a shorter diffusion length with a smaller gap between electrodes. The inset of 
Figure 7A shows that the small semi-circle resistances related to kinetics for the SEs were larger 
in magnitude than the resistance of IDEs.
The relative change in imaginary impedance with F-biotin concentration is shown in Figure 
7B for the same geometric configurations shown in Figure 7A. The tracking frequency that 
provided that largest change in imaginary impedance remained at 147 Hz for both IDEs and SEs. 
A very similar trend was observed for each geometry, with a large change in impedance observed 
with increasing concentration above 1 µg/mL F-biotin. The results were repeatable for the different 
geometries tested, as the standard deviation between sensors of the same geometry (error bars in 
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Figure 7B) was relatively small. On average, the IDEs were found to be about 1.6x more sensitive 
than SEs. The inset in Figure 7B shows that the impedance still increased with increasing F-biotin 
concentrations below 1 µg/mL, with the IDE of wg = 15 µm having the highest sensitivity and also 
being the most linear among the geometries tested. Thus, the 80 µm tall VACNT IDE with wg = 
15 µm had a linear sensing region  from 1 ng/mL to 1 µg/mL and a secondary linear sensing region 
from 1 µg/mL to 100 µg/mL. Two different linear ranges for detection have been reported by 
others for amperometric and impedimetric sensing, but the slope typically is more gradual at higher 
concentrations as the electrode becomes saturated with analyte. The 80 µm tall IDE with wg = 15 
µm had a detection limit of 1 ng/mL, which is similar to the detection limit of other biotin sensors 
reported in literature.41-42
Figure 7. (A) Nyquist plots for 80 µm tall VACNT IDEs and SEs with wg of 15 and 25 µm. Inset shows zoomed in 
view of smaller semi-circles near the origin. (B) Relative change in imaginary impedance Z” at 147 Hz as a function 
of F-biotin concentration for 80 µm tall VACNT IDEs and SEs with wg of 15 and 25 µm. Inset shows close up of F-
biotin concentrations from 1 ng/mL to 1 µg/mL. The error bars represent the standard deviation for three different 
sensors.
Modest changes in the sensing signal were observed at F-biotin concentrations below 1 
µg/mL. One potential reason is that F-biotin is a small molecule, much smaller than proteins, so 
that the change with concentration is likely smaller than for larger protein molecules. The VACNT 
IDEs were previously shown to have a limit of detection in the picomolar range when detecting 
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oral cancer biomarkers,13 instead of in the nanomolar range that is here observed with F-biotin. 
Exploration of the effect of molecule size, as well as the investigation of non-specific binding, are 
potential extensions of this work. However, the oral cancer VACNT biosensor has already shown 
that impedance-based sensing is possible in complex saliva supernatant with VACNT electrodes 
and showed minimal non-specific binding from bovine serum albumin (BSA) protein.13 The main 
goal of the current work is to examine the influence of height for very tall VACNT electrodes and 
compare the geometric influence of these devices for a representative protein model. 
4. Conclusions
This work has characterized porous, 3D VACNTs electrodes for impedance-based biosensing.  
Electrode height was shown to have a large impact on CV and EIS curves, with tall 80 µm 
VACNTs having the highest calculated electroactive surface area (approximately 15x the 2D 
geometric area) and thus resulting in the smallest baseline kinetic resistance as seen through 
Nyquist plots. The representative protein streptavidin was functionalized onto VACNT electrodes 
for detection of biotin and good coverage was confirmed by fluorescence microscopy. EIS was 
used to measure the change in impedance across electrodes for different biotin concentrations. 
Two linear sensing regions are observed for all electrode geometries and IDEs had higher 
sensitivity than SEs. The relative change in imaginary impedance from F-biotin was shown to be 
as high as 107% for IDEs. The geometry with the highest sensitivity and the most linear sensing 
region was an 80 µm tall VACNT IDE with a gap width of 15 µm, enabling a limit of detection of 
1 ng/mL F-biotin. 
Although this biosensing platform is shown with streptavidin and biotin, it could be extended 
to other proteins, antibodies, viruses, and bacteria depending on surface functionalization. By 
having multiple sensors in series, it would be possible to simultaneously detect many different 
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target analytes. It is expected that this structure and sensing approach will be viable for a range of 
electrochemical sensing, particularly in medical diagnostics.
Associated Content
Supporting Information. The Supporting Information is available free of charge and 
includes additional SEM images, CV data, Nyquist plots of EIS data, values of equivalent circuit 
elements, images of 3D printed microfluidic channel, fluorescence microscopy images, and Bode 
plot (PDF).
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